African swine fever (ASF) causes greater sanitary, social and economic impacts on swine herds than many other swine diseases. Although ASF was first described in 1921 and it has affected more than fifty countries in Africa, Europe and South America, several key issues about its pathogenesis, immune evasion and epidemiology remain uncertain. This article reviews the main characteristics of the causative virus, its molecular epidemiology, natural hosts, clinical features, epidemiology and control worldwide. It also identifies and prioritizes gaps in ASF from a horizontal point of view encompassing fields including molecular biology, epidemiology, prevention, diagnosis and vaccine development. The purpose of this review is to promote ASF research and enhance its control.
| INTRODUCTION
African swine fever (ASF) is an infectious disease of swine, notifiable to the World Organisation of Animal Health (OIE). It causes greater sanitary, social and economic impacts than many other animal diseases because the occurrence of ASF is sufficient to trigger regional, national and international trade restrictions. ASF affects domestic and wild suids of all breeds and ages. Fortunately, it is not a zoonotic disease, which limits its impact on public health. Currently, no vaccine or treatment against ASF is available, and control strategies depend mainly on early disease detection through rapid field suspicion and laboratory diagnosis followed by implementation of strict sanitary measures (Gallardo, Nieto, et al., 2015; S anchez-Vizca ıno & Arias, 2012) . A reliable laboratory diagnosis is performed using virus and antibody detection techniques that allow the identification of infected animals, including survivors as potential virus carriers. Ukraine (2012) , Belarus (2013) , Estonia (2014) , Latvia (2014) , Lithuania (2014) , Poland (2014) and Moldova (2016) , where it has affected domestic pigs and wild boar EFSA, 2015; Gallardo, Nieto, et al., 2015 ; S anchez-Vizca ıno,
ASF is present in Africa and

Mur, & Mart ınez-L opez, 2013; World Organisation for Animal
Health, Wahid Database (OIE WAHID) Interface, 2017). The disease is currently endemic in some parts of eastern Europe (Gogin, Gerasimov, Malogolovkin, & Kolbasov, 2013) . Transboundary movement of this disease has been historically related to the single introduction of contaminated pork or pork products used to pig feed (S anchez-Vizca ıno & . In contrast, current ASF movements in Europe, especially in the European Union affected states, are driven by the movement of free-ranging infected wild boar, which can move the disease through natural corridors (Bosch, Rodr ıguez, et al., 2016; De la Torre et al., 2015; Gallardo et al., 2014) . Nevertheless, other routes of ASF introduction and spread have been reported and are present in eastern Europe such as the illegal movement of infected pigs or the use of contaminated pork products for feeding pigs Oganesyan et al., 2013; Vergne, Gogin, & Pfeiffer, 2015) .
The aims of this review are to provide an overview of current ASF epidemiology and control strategies, point out important gaps in disease control and suggest priorities for filling those gaps through ASF research and policy (Table 3) .
| ME TH ODS
Firstly, a comprehensive review of the published scientific literature was conducted to identify gaps and priorities regarding ASF. Then, gaps and priorities were classified based on expert opinion. The group of experts belonged to the OIE-ASF Reference Laboratory, the FAO-ASF Reference Centre and the European Union ASF Reference Laboratory (five experts) with proved expertise and experience on ASF. Experts were invited to rank each gap and priority as high, medium and low importance. Finally, mode value was used for the final score of each gap.
| ASF VIRUS CHARACTERISTICS
ASF virus (ASFV) is a complex, large, icosahedral multi-enveloped DNA virus, classified as the only member of the family Asfarviridae, genus Asfivirus (Dixon et al., 2005) . ASFV genome encodes a significant number of viral enzymes, viral transcription factors and immune homologues among others. The viral particle contains 54 structural proteins. Nearly, a hundred proteins have been identified on the target cells during ASFV infection, particularly in pig macrophages (Dixon, Chapman, Netherton, & Upton, 2013) . Both, structural and infection-related proteins can regulate, inhibit and modulate essential and non-essential mechanisms affecting virus replication, virus particle production and apoptosis. Some of them are based on the inhibition of host transcription factors, the interferon response or several immune cell subsets, to evade host immune system S anchez, Quintas, Nogal, Castell o, & Revilla, 2013) .
ASFV genome consists of a conserved central region of about 125 kb and two variable ends encoding five multigene families (MGFs); these variable ends account for the variable size of the genome (170-193 kb) among virus isolates (Dixon et al., 2013; Salas & Andr es, 2013) . Several MGFs help determine virulence of isolates as well as viral replication in soft ticks. Concretely, deletion of certain MGFs has given rise to attenuated phenotype isolates that have been shown to induce protection against virulent challenges (O'Donnell et al., 2016) . Deletion of MGFs genes also reduced viral replication and generalization of infection in infected ticks . Whether MGFs also help the virus generate antigenic variability and thereby evade the immune response remains uncertain. Likewise, which genes in MGFs may be related to host protection has not been fully identified.
ASFV classification is based on molecular epidemiology, which has proven useful for tracking virus spread. The current approach is based at a first step on partial sequencing of the B646L gene encoding the p72 protein. This can differentiate up to 23 genotypes (Achenbach et al., 2016; Boshoff, Bastos, Gerber, & Vosloo, 2007) , as recently, a new genotype XXIII was described in Ethiopia (Achenbach et al., 2016) , suggesting that more ASFV genotypes could remain to be discovered in Africa. Thus further biological and molecular characterization of isolates currently circulating within Africa and Europe should be a priority. Closely related ASFV isolates can be distinguished through sequence analysis of tandem repeats in the central variable region within the B602L gene or the intergenic region between the I73R and I329L genes at the right end of the genome . Several other gene regions, such as the E183L encoding p54 protein, the CP204L encoding p30 protein and the protein encoded by the EP402R gene (CD2v), have been proved as useful tools to analyse ASFVs from different locations to track the virus spread Gallardo et al., 2011; Sanna et al., 2017) . The genetic characterization approach is not related to biological properties. More research would be needed to identify new genetic markers for ASFV, including those involved in the evolution of circulating ASFV isolates, especially in endemic regions. In addition, new genetic markers intricate in virulence would be very useful for control strategies. The genetic characterization of MGF virulence genes to cluster/group ASFV isolates based on virulence factors could be a potential interesting area of research.
| ASF IN NATURAL HOSTS
Suids are the animal hosts naturally infected by ASFV: domestic pigs, European wild boar and feral pigs of all ages and breeds are susceptible to infection. These animals, when infected, may show a variety of clinical presentations: peracute, acute, subacute, chronic and subclinical (Gallardo, Soler, Nieto, et al., 2015; Mebus, McVicar, & Dardiri, 1983; Pan & Hess, 1984) . In contrast, wild African suids such as warthogs (Phacochoerus aethiopicus), bush pigs (Potamochoerus porcus) and giant forest hogs (Hylochoerus meinertzhageni) develop asymptomatic infections, allowing them to act as true ASFV reservoirs in Africa (Detray, 1957; Penrith & Vosloo, 2009; ) .
Several studies in East Africa have revealed a complex epidemiological situation in which local breeds of domestic pig seem to show greater tolerance to ASFV that favours endemicity and spread of the disease (Atuhaire et al., 2013; Gallardo, De la Torre, et al., 2015; Uttenthal et al., 2013) . In addition, virus evolution towards moderate virulent forms could be also contributing for the presence of asymptomatic pigs acting as virus carriers . The molecular factors in wild African suids determining whether ASFV infection will be asymptomatic remain unknown. The host factors that determine clinical outcomes of infection, susceptibility, resistance (the ability to limit the pathogen load) and tolerance (the ability to limit the impact of the pathogen on host health) to ASFV infection should be the priorities for future research.
ASFV also replicates in the soft ticks of the Ornithodoros genus.
Ornithodoros moubata complex in East and South Africa and O. erraticus on the Iberian Peninsula are biological vectors and reservoirs of ASFV (Jori et al., 2013; Oleaga-P erez, P erez-S anchez, & Encinas-Grandes, 1990; P erez-S anchez, Astigarraga, Oleaga-P erez, & Encinas-Grandes, 1994) . Ornithodoros moubata shows trans-stadial, transovarial and sexual ASFV transmission (Plowright, Perry, & Peirce, 1970) , while only trans-stadial transmission has been observed with O. erraticus (EFSA, 2010; Plowright, Thomson, & Neser, 1994) . In the absence of viraemic hosts, Ornithodoros ticks can allow ASFV infection to persist for more than 5 years (Boinas, Wilson, Hutchings, Martins, & Dixon, 2011) . In West Africa, ASFV has been detected in O. sonrai ticks, yet they seem to play a limited role in ASF epidemiology (Vial et al., 2007) (EFSA, 2010; Groocock, Hess, & Gladney, 1980; Hess, Endris, Haslett, Monahan, & McCoy, 1987; Jori et al., 2013; Mellor & Wilkinson, 1985) . Other Ornithodoros species have been already identified along different ecological settings from the United States and Latin America (Donaldson et al., 2016) . The detailed geographical distribution of Ornithodoros ticks is not well understood, making it difficult to assess the potential role of soft ticks in current ASF scenarios. The role of soft ticks in virus transmission, persistence and dissemination is not yet well understood and needs to be clarified, especially in Europe.
| CLINICAL FORMS OF ASF
The ASF incubation period usually ranges from 3 to 19 days. ASF is not associated with pathognomonic lesions, so clinical signs may be similar to other haemorrhagic diseases such as classical swine fever, salmonellosis or erysipelas. The clinical form of ASF depends on isolate virulence, host species and breed, and routes of infection (Guinat et al., 2016; S anchez-Cord on et al., 2017; S anchez-Vizca ıno, Mur, G omez-Villamandos, & Carrasco, 2015) . Identifying virulence factors and pathogenesis mechanisms would improve our understanding of different clinical forms of ASF, facilitating a better diagnosis recognition and potentially early detection on farms and in the field. For example, genomic markers related to ASFV virulence need to be identified and fully characterized that would allow to design better and more appropriate diagnostic strategies, according to the clinical symptoms to be expected in the infected animals, thereby improving surveillance and control programs.
Highly virulent isolates usually induce acute ASF, which in na€ ıve animals is associated with mortality as high as 100% within 4-9 days post-infection. Acute ASF is characterized by high fever followed by moderate anorexia, lethargy, weakness, decubitus and erythema. Pan & Hess, 1984) . These clinical presentations have been reported in endemic areas such as eastern Europe, Sardinia or the Iberian Peninsula (Mur, Atzeni, et al., 2016; Mur, Igolkin, et al., 2016; S anchez-Botija, 1982) . Subacute ASF is associated with fluctuating temperature for 2 or 3 weeks and clinical signs similar to those of the acute form but less severe (Mebus & Dardiri, 1979; Mebus et al., 1983; S anchez-Vizca ıno et al., 2015) . Mortality rates range from 30% to 70%, usually after 20 days post-infection. Other isolates can induce subclinical or even unapparent forms, resulting in intermittent viraemia, seroconversion and lower mortality rates (Gallardo, Soler, Nieto, et al., 2015; Leitão et al., 2001; Mebus & Dardiri, 1980; Mebus et al., 1983; S anchez-Cord on et al., 2017) . Unapparent ASF is usually reported in endemic scenarios, in which clinical signs are mild or even absent. Unapparent and recovered pigs should be identified through detection of specific antibodies and ASFV antigens or genome. Such animals should be studied as potential carriers to detect changes in the virulence of circulating isolates and assess the role of those animals in transmitting and maintaining the disease.
Animal experiments using ASFV isolates from recovered animals would allow a better knowledge about the ability of these virus isolates to be transmitted by different routes, its presence and persistence in excretions and tissues, a deeper characterization of the carrier state or the potential clinical activation of unapparent infections. Chronic forms of ASF have been reported mainly in Spain (S anchez-Botija, 1982) , Portugal (Petisca, 1965) and Latin American countries (Mebus & Dardiri, 1979) infected with isolates coming from the Iberian Peninsula. Infected animals show necrotic skin lesions as well as respiratory symptoms (Gallardo, Soler, Nieto, et al., 2015; Leitão et al., 2001; Petisca, 1965) . These lesions have been also observed in two recent experimental infections with moderately virulent ASFV isolates from eastern Europe Nurmoja et al., 2017) .
| IMMUN E RE SPONSE TO INFECTION
During ASFV infection, the protective immune response includes both cellular and humoral immunity (Takamatsu et al., 2013) . Pigs that do not die within the first days of infection produce high levels of specific antibodies against ASFV, which are detectable for long periods of time but that are not fully neutralizing (S anchezVizca ıno & Arias, 2012). Nevertheless, some protection related to antibody-mediated immunity is observed. Passive transfer of sera from ASFV-infected and recovered pigs partially protected pigs against parental homologous ASFV challenge infection and the potential fatal consequences of infection by delaying the onset of the ASF clinical signs and reducing the levels of viraemia (Onisk et al., 1994; Ruiz-Gonzalvo, Rodr ıguez, & Escribano, 1996; Schlafer, Mebus, & McVicar, 1984) . The antibodies may also protect the host through antibody-dependent cytotoxicity (Wardley, Norley, Wilkinson, & Williams, 1985) . So far, at least fifty viral proteins have been identified as immunogenic (Gallardo, an important role in ASF spread and maintenance (Bosch, Rodr ıguez, et al., 2016) . Third, the combination of pig farms located in areas suitable for wild boar as well as the existence of low biosecurity measures, especially on backyard farms, may have facilitated contacts between both hosts and thereby promoted ASF transmission.
These novel characteristics of the current ASF situation reflect the need for control and eradication measures that take into consideration the interactions among hosts, pathogen and environment in each epidemiological scenario. The role of wild boar in virus transmission, maintenance and dissemination in eastern Europe requires further investigation, as does the role of wild African reservoirs in disease transmission under different conditions. Although some studies referred that wild boar avoided feeding on conspecifics (animals of the same species) suffering from illness (Selva, Jedrzejewska, Jedrzejewski, & Wajrak, 2005) , the presence of infected wild boar carcasses in the field has been already identified as cause of ASFV maintenance in the environment and spread due to scavenging behaviours among wild boar population (Bellini, Rutili, & Guberti, 2016; Ol sevskis et al., 2016) . Studies are needed that better understand this fact as well as examine neighbourhood transmission in densely populated areas and transmission between pigs and wild boar.
Whether soft ticks are present in eastern Europe, Sardinia and northern Europe should be determined definitively, and, if present, their role in ASF maintenance and transmission should be clarified in northern European scenarios. A better understanding of the seasonal cycle of these soft ticks, and how climate affects it, should also be a priority.
Finally, to reduce ASF spread due to human factors, communication campaigns and training courses should be organized to raise the awareness of hunters, farmers and field veterinarians.
| SOCIO-ECONOMIC IMPACT
ASF is not a zoonotic disease, but it has serious socio-economic impact, especially in countries that export live pigs, pork and/or products, as well as in countries where these products are important (Mur, Atzeni, et al., 2016) , trade of infected products and the taboo of throwing away food observed in some cultures (Chenais et al., 2015) .
Every country should have a contingency plan and early warning system in place in the event of ASF entrance. Any delay in outbreak response and implementation of control measures can result in greater viral contamination of the environment and promote disease spread (Bellini et al., 2016) . (Gallardo, Nieto, et al., 2015; Gallardo, Soler, Nieto, et al., 2015) . Serological tests were particularly important, for example during ASF eradication on the Iberian Peninsula and in Bra- Certain ASF diagnostic tools may be more appropriate depending on whether the area is ASF-free or already affected by the disease (see Table 1 Detection of ASFV in ticks can be achieved based on virus isolation or PCR (Basto et al., 2006; Oura, Edwards, & Batten, 2013 & P erez-S anchez, 2011; Mur, Iscaro, et al., 2017) . At the moment, these techniques usually involve "inhouse" procedures. A priority should be to develop standardized approaches for more reliable assessment of epidemiological situations.
New technologies including lateral flow devices (pen-side tests) and portable PCR machines that allow rapid diagnosis have been recently developed (Sastre, Gallardo, et al., 2016; Sastre, P erez, et al., 2016) . Table 2 ). For example, inactivated and subunit virus vaccines can induce antibody responses, but these do not confer strong protection (Table 2 ). Live attenuated vaccines can confer protection against homologous, but not heterologous, viral challenge in surviving pigs (Detray, 1957; Malmquist, 1963; Mebus & Dardiri, 1980) . Several studies have suggested the key role for the innate immunity and natural killer cells (Correia, Ventura, & Parkhouse, 2013; Leitão et al.,2001) as well as the cytotoxic activity by CD8 T-cells (Oura, Denyer, Takamatsu, & Parkhouse, 2005; Martins, Lawman, Scholl, Mebus, & Lunney, 1993; Takamatsu et al., 2013 Although ASF was first described nearly a century ago, numerous gaps remain in our understanding of its epidemiology and pathogenesis. These main gaps in ASF have been identified and prioritized throughout this article (see Table 3 ). Virulence genes and genes related to host protection and immune evasion are largely unknown.
Likewise, the role of multigene families is antigenic variability, and evasion of immune response is uncertain. At the same time, factors in the host that determine viral persistence and infection outcomes remain to be elucidated, and interactions between ASFV and wild African suids, which are tolerant to ASFV infection, need to be clarified. Such studies will provide a more complete understanding of ASF pathogenesis and potential host protection. Moreover, biological and molecular characterization of circulating isolates in Europe and
Africa are needed to identify and understand the evolution of existing isolates, especially in endemic regions.
ASF is known for its complex epidemiology, involving different transmission models via domestic and wild swine populations as well as vectors. The specific role of different hosts, vectors and environmental factors in disease propagation needs to be clarified for the different epidemiological scenarios. For example, the northern European scenario, in which infected wild boar drive disease transmission, spread and maintenance, needs to be investigated further.
Gaps in sanitary control of wild boar populations make ASF control difficult. Disease modelling technologies including wild boar, human activities and vector data are needed to implement control actions based on risk. In addition, reassessing routes of introduction and transmission to identify regions most at risk and raising awareness among hunters, farmers and veterinarians should be the priorities for ASF control. Advances in non-invasive sampling are required in order to facilitate surveillance in affected areas, and current and future tests need to be optimized, harmonized and validated for non-invasive matrices. The availability of a commercial confirmatory serological test and cell lines for replacing primary cell cultures is the priorities for future work. Ultimately, ASF prevention and control could benefit tremendously from an ASFV vaccine, but despite some advances, a safe, effective vaccine is still lacking.
